SURFACE MODIFICATION FOR BIOCOMPATIBILITY

Fourth Quarterly Report
Covering Period September 30 to December 31, 1996
Contract No: NO1-N5.5-2321

James J. Hickman, ’hI?
Science Applications International Corporation
Life Sciences Operation
1710 Goodridge Drive, M5 188
MceLean, VA 22102

Submitted to:

Neural Prosthesis Program
Division of Fundamental Neurosciences
National Institute ot Neurological Pisorders and Stroke
National Institutes aof Health
Yederal Building, Room 202
Bethesda, MI» 208Y2-9170

P.C. COPY



TABLE OF CONTENTS

Page
FIGURE AND TABLE CAPTIONS 11
OROIECT SUMMARY 1
TOURTH QUARTER QBIECTIVES R
BACKGROUND 3
RESULTS 4
NEXT QUARTER OBJECTIVES e
REFERLNCLES L



I

P

ure 1

I

Figure 3

Flgure 4

[able 1

FIGURE CAPTIONS

Effects of olatisnng densitye on the cell viapibity o culture. Phase-contrast
poaotomucregrachs of cortical cells seeded ar A 10 Jemo (1 and 25, and D0 X
1 fem™ 13 and 41 in serum-free medium {or 24 hours {1 ard 3) and 7 days (2 and
4). The cells are rom 16-dav-old rat embryvos and plated on poly-D-lvsine. Higher
plating densizv can increases survival or cortical celis.

Fffects of plating densitv an e cetl viability in serum-tree medium with CNTF,
Phase-contrast photomicrographs of cortical cells seeded at 30 X 107 /cm (1 and 23,
and 100 X 10 7em” (3 and 4) for 24 hours (1 and 37 and 7 davs (2 and 4). The cells
are from l6-dav-old rat embryos and plated on poly-D-lysine. Cells plated at
higher density with additien of CNTF suffer less mortality,

Scrum-free Neurobasal/B27 medium supports longer-term growth of cells from
F1f embrvonic rat cerebral cortex. Phase-contrast photomicrographs of cortical
celis cultured in Neurobasal (NBionly 11 and 41, NB with N2 12 and 3) and NB
with B27 (3 and 6] for 3 {1-3) and 11 {(4-61 Jdavs. Cells in NE+N3 show better
~arvivas and crowshoardas 3o culture than those e NBBZT A Dav 7L cells e
NB+R27 show better growth than in NB+N3 Both NB-N3 and NB+B2Y support
cell prowth better than NB only.

Neuronal and astrooveie expression of embryvonie cortical cells ctltured in serum-
free medium on polv-D-lvsine and DETA tor 21 davs. Fluorescence
phctemicrographs ttop and middle panelst of NSE ineuron-speatc enolase)-
and GEFADP- immunoreactive cells cultured from E16 rat cerebral cortex. Cells
were incubated simultaneously with rabbit anti-NSE and mouse anli-GFAD,
followed by incubation with a mixture ot tluorescein-conjugated goat anti-mouse
(2 and rodamine-conjugated goat anti-rabbit TeG. Most cells are stained by anti-
GEAD (green). About 3 of total cells express NES (red) on poly-D-lyvsine and
DETA. Clusters of NES+ cells are often seen on DETAL In the bottom panel are
phase-vontras: pholomicrographs showing cortical cells cultured on puly-D-
wsine in serum-free mediom with and without CNTE,

TABLE CAPTIONS

| e term stabilise experiments of silanes with and wethout acdess BRA,



PROJECT SUMMARY FOR FOURTH QUARTER

The aim of this work is  create surfaces vn impiantable silicon microstructures for
the purpose of controlling the wnteraction of neurons, glla, and related colis and their
protein products with the macrostructure, As presented in the third quarterly report, we
cstablished a rudimentary serum-tree cullure to approximate the composdion of cerebral
spiral sluid (CSD). and Rave screened thirteen 131 artificial surtaces for E19 cortical cell
response; T artificial tor E22 cortical cell response; and 3 artificial surfaces for glial cell
response. We have begun screening Elé cortical cells to extend longevity, Survival was
extended o 21 davs. After discussion, we determined it was in the best interest of the
project to focus on the key issue, longevity in culture, that has impact on all other stated
abiectives. We need to develop a significant understanding of how culture conditions

specifically arfect cell survival, growth and population dvnamics, over bme, ot not only

conditional influences affects other cell tvpes. This is critical toward application of
cucceseful implartation and atlization of prostheses o oo As a resalt. this fourth
quarter was primarily devoted o improving the long term viability and longevity ot the
servs-srec i citre cultare protrocel, and evamining ke rowe thar conditions can
determire cell tvpe, distribution and neuronal neurotransmitter expression utihzing
‘mmunohistochemistry, We reprioritized our tourth quarter objectives with regard to
cxperiments with E22 and IN W cultures and included them in the nest guarer’s
pbjectives,

lechniques and training for production of microgiial cultures was astutely provided
sy D Carod Couldton. Hoewever, aer group s cullures aro maosi suceesstul with Famster

et e areo ey esdeadice the conaitions e determire ous own methods ko maximize
oM Feran Sursivad gl ral T,

Continusea strtace ~stalliby expenmients indicate mat at least seme o the arfiticia
surtaces isilane monciavers or glasstare stable for peneds of up to 12 weeks 1o the
sresence of proteina We are extending tese experiments o ofaer SUPLACES, DUT must oy
Shdress chie probiem tnat o S Prosence v adsurbeIieg P sl oA e, e N

P e
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We have recentlv hired a surtace chemist, Dr, Thomas Schreider. He will come on
board February 12, His expertise wiil lend itself toward production of novel and eftective
ciologicaliv modified SAM surfaces. We are looking forward to his significant
conributons on this project.

We met in November with the Huntinglon group conducting the m oo

cxperiments. Samples are being shipped.
OBJECTIVES

Overall project objectives:

a) Selecting candidate surtaces that are likeiv to pnnance the micrascoplc
mechanical <tavilizaror ot a microstracrure imzslarted wathen the contral
nervous system:

W Selecting condidate organic surfaces that are lixelv to enhance the close
approximation ot neurons or neuronal processes to specific regions of implanted
sthlcon microstructares:

o) Developing or adapting available methods to bond the selected vrganic
malecuies 1o a silicon dioxide surface like the surface of a micromachined
clectrode ; Langhe and Wise, 1992} and to chemically characterize these surtaces
betore and after protein adsorption.

I. The atlachment method shall ve stable in saline at 37°C for at least 3 months;

2 T use silane coupling as the method of attachmern

176 ese the silanes ta control the spatial extert e, the patterre: of the Jdeposited
SN S RTHE)

Developing a cell culture or other suitsble mocel of mammalian cortex and

irvestigate the gronth ard adhesior ot neurons, glia, micro-glia, and other cells

present in the nervous svstem on substrates coated with the selected surtaces;

v Ueoperating et ceher muesteaters inthe et Urosthess Urogrim [
P TP POt FOT PR E BT STt BRI CIT ) L LA SRREETR R ORI A I U SIAAN




promising matenals tor M o evaluation as directed by the NINDS Project

fficer.

FOURTH QUARITER OBJECTIVES

» Continue warking o establish cortical cell culture conditions for 4 week
SUIVIVaL

e Begin screening biologicaliv modidied SAM surfaces for cortical cell survival

o Cuontinue screening £22 respanse to artificial surfaces

» Continue surtace analysis of surfaces both befare and after culture

« Continue surface stability experiments in saline + BSA at 37°C

» Tinish screening surface for glial response to non-ideal SAM =urfaces

»  Continue screening non-ideal surfaces for microglia response

Do UNGU cullare expernments

+ Send more samples to Tuntinglon o contnue o Tion experiments

BACKGROUND

Biomaterials thal penetrate into the central nerveus syszem as the microscopic
ciectrode shafts of neural prostheses interact with nearal and other tissues on a cellutar
and molecular level. In order to achieve tight coupling between these implanted
microelectrodes and the targer neural supstrate, this interaction must be understood anad
controlled. Controlling the interaction requires an understanding of how cells, including
nedrars and gha, and extracellular proteins respond to the surrace chemistry and any
eachable substacces or impoanted Diomaterials. This coniract supported researen wall study
Heese interactions with a Jong-rern coal of ratonally designing microeiectrode suriaces o
comele specitie fissue inferachions

Presently. avarlable clinical reural orosthetic impaants wwpically use stimulus levels
“al eacite voelumes of neural tisste ranging from cubic millimezers to cubic contimeters

sround the ciectrode, Because or the large stimulus intensitles reauired, precise control of

e resPtag el Eelrors soriin b st res ol lavers o an imporeed credtredae Mas nid
T et ST e e i s s o achee b nion el

et e et et M Teriect T es aave intrestuced the peesibe i of cortrodied




~rimulation of smaller volumes of neural tissue--on the order of one thousand to une
hundred thousand times smaller than those used todav.

The eificiency of these microvlectrodes depends on the micro-environment areund
timulating sites. The surtace of the microelectrodes and the proteins that adsorb to this
surface have a major impact on the wav in whicn ditferent cell populations react to the
mplant. Neural growth cones are sent out from many neudrens around a microclectrodo
following implantation. With appropriate surfaces it mayv be possible to get selected
neurons to send processes directly to the microelectrodes. Glia and other cells also respond
to an implanted electrode. With appropriate surfaces it may be possible to promote cell
adhesion and anchoring of some areas of the implant structure while leaving other areas
with minimal response from glial cells. This study will investigate cellular and melecular

responses to specific surface modifications of silicon microelectrodes.

RESLLTS

re it s et S el T
Prog cahicoausts rhi mlottioing S hiaesniboipe e

N rav photoeieclron spectrascopy (XIS s necessary for this vrogram in the same
wav that an NMR spectrometer is necessary for conducting an vrganic synthesis program.
since we are synthesizing surfaces and modifying their properties, we will need to assay
‘b resuit of the surface efore (starting material) and after ireaction product) moditication.
This 15 analogous to examining a procedure by NMR. One would not think to run an
arganic svithetic reaction with only an occasional examination of the actual product; in
S sare sUense. 1T s cTucial tor us to examine the croduct inoour surtace moaitication
Aeriments.

Teeaabiling croeoen e e menekive o o covo i soreened e rar
~ave Leen moritored be XPS ror bvelve weeks o M3S alone and ino 00T BSA solstion
U PBR ar 3770, As the datain Faixde | sbow for a 13 Famenclaver, the shpsn the PBS/BSA
Solunon are ramidiy coated with a thick crowin laver from the BSA L as indicated by the
ateaaed © s cinensites. s b the slips o UER Glore s melaniveny muner mnereases m

CLspemalee frort acvertbiods comumiearen, e s e phe PR s canvernien oy

oot bt b T itte ey vl e e ses o Fotis T3 zoone gl tor PRsS L=



Table 1

Comparison of XIS intensities for 131 modified glass coverslips in PBS and PBS/BSA over time. Intensihes
were first normalized to a constant 5i 2p intensity, then further normalized to the initial F Ts or C 1s intensity

for the 13F surface before immersion in solution (time = U,

[imeidays F s Cls
B5 PBS/ BSA PBS PBS/BSA
) YA 1.00 1.00 1.00
1 -- .50} - .96
3 -- .70 - 4.6()
7 (.10 i1 RO 1.30 2.8
it L0 1AL {80 390
R ki) .40 1.6t 5.70

However, the growth of the targe protein overlaver in the case of PB5/BSA is responsible
for moss, 17 rot all, of this Jdecrease. because the thick overlaver altenuates the
shotoelectron flux from the 13F {itm boelow, In the case ot PBS alone, the B ls decreases
must be attributed to the Toss of 13F molecules from the flm, probably by hvdrolvsis as has
seent reported oy other workers, Thus, the data mdicate that tae deposition ol protein onte
the 13F monolaver from the PBS/BSA solution prevents hydroivsis and thereby enhance
the stability of the film. This provides a basis for understanding the long-term cffects of
~urtace moenolayers on cell calture systems, where proteing ane part of the medium and are
produced by the celis as well. These data sets, which include a wide range of surtaces
atilized in dhis project, require further analysis for g detailed model of the structure of the
frlms over time.

W analvsis esperimental vonditions mcladed ancanguiar cpestare of nominaily &
pepob size of it e dameter, and o tabe-oft angle of 350 rom the surface plane unless

-

Atheracine mobed, Eaoerimental urcertaintes are estimaied to be 13 atomic e based on the

capaliilitivs of XPS and are not based on statistical variabions of a large number or trials.
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Cell Chiltune

We estabiished o rudimentary serum-tree culture system for the cortica, cells io
more closcly approximate the compaosition of cerebral spinal fluid (CSF1L As the extension
of time in culture s critical tor comparing the development of different birthdays of
MeUrons i T, ane of ons x__zrir.a?ip-le aims is to prolony survival and viability of cortical
retrons 0 culture to 4 weeks. We concertrated on detining and examining the culture
conditions to optimize longevity, In (his capacity, we evaluated various tissuc culture
conditions {such as medium, additives, neurotrophic factors) which could plav important
roles in culture. We subsequently analyzed the impact of conditional manipulation and
modifications on survival and cell tvpe with immunohistochemical techniques and XPS.

We continued to evaluate various neurotrophic factors indicated by the iterature to
sveepore wreeal oo cortent meurons Gn cebure. We Tocused o BINE wwhich has been
shown to promole survival of cortical neurons in culture (Chosh, et al., 1994; Jones, et al.,
Tty BFGE freviewed by Tempe ana Chan, 1945), NU-4tp et al, 1993 GDNE {Tomac et
al, 1993), and CNTF (Arakawa et ai., [990). We aiso examined the role that population
sersity olavs in e eoviial surveoval In custure because other workoers (Fukushima et al,
199357 have shown that increased neuronal plating density has significant impact on cell
survival, Qur preliminary results also support this finding. Cell counts were taken to
determine survival at 24 hr. and 7 D in cultere at two population dens:ties (50 X 10 cells
vs. 100 X 107°cells per am?) in the presence of various neurotrophic factors. Two cenditions
are illustratea in Figures 1 and 2 In each case, the cell plated ot the higher density suffered
e mostalicg s it mes Thcee ool plated o poiv-hesime e oresence of UNTE
ctttered onlv L erality, o legh dersiby, as compared with 320 mortacity of the lowes
Jensitv. Controls suffered 289 morality by Dav 7 at high densioe, and 26%0 mortality at Tow
gensite. The ertect of the nearatrophic tactor s loss clear. While reurotrophic and factors
mave been shows to have a leneficial role, sometimes a they can fanciion onoa deleteriows
cole. o cultured neuronas cels dkah et al, P93y, and our mesults inthe chird quareerly
sepore Nore e wiiie ONTE seemed e Previde g Cenesoiid arinenoe i ene vase, 1
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Like the preliminary resuits obtained above in the long term culture with different
cell densities and neurotrophic tactors, manipulation of culture medium and additives can
~ave a sientficant impact oo coll survival, These conditions can nave disparate eftects, as
seen in this case, at ditferent time points in development in cuiture. We examined cortical
cells plated on poalv-L-lvsine [P0} in Neural Basal medium (NBj, svith or without B27 or A3
additives. at two timepoints, 5 and 11 dawvs (Figure 3% These resucts, substantiated by cell
counts, show that NB alome is the worst at both time points, but that the etfects or the
additives vary with time and culture. Initially, survival is less in NB + B2V, and best in
NB + N3: but at Day 11, the situation is reversed with NB + N3 no longer supporting
survival.

Cell lineage studies saggest that there are two distinet tvpes of macroglial cells that
~ave been identified in the rat cerebral cortex: astrocytes and oligodendrocytes (Grove el al,,
et nd bweo tvpes ot aeltenss peramidal and non-pareraial cells iTrice and Thurlos,
1uss; Parnavelas et al., 1991, In the cortex, pyramidal neuzrons use the excitatory transmitter
shutamate, swhereas most con-nvramidal reurons use the inhibitory neurotransmitter
GABA (DPeters and Jones, 1984; Houser ot al., 1984; Jones and tlendy, 1986 The pyramidal
colls are provection neurons and are most characteristic of the cortes and have the ‘orm ot
an isosceles triangle weth the apical and basal dendrites. The axon emerges from the base of
the cell and descends toward the brainstem and spinal cord. Non-pyramidal are
aterreurons with short processes, It is known that all the reurons and macroglial cells
that comprise the aduit cerebral cortex are derived from the embryvonic precursor
meuroepitheliail cells in the ventricular zone. The initial phase of CNS developments ix

Hoaracterized b she peoliforation o the procarsor colls zollownd b the cereration iof
spurons and sha The neurors are ditterertiated irto ditrerent nearotransmitter
caenctvoes. Coll phenoryre cheice to become neurens or iz and neurotransmitter cholce
o pecome glatamazergic or GABAvergic are crucial steps in cortical development, However,
the ractors that control the timely differentiation or the precursor cells into differentiated
cells tepes are =till maenie unknown, 1 is believed that tihe cell environment plavs a ke
ol e speddticntien D cerdeal colis even siwegt sl o Jovelooment program

st i et r oo b Wil e I i




These cultures were examined up to 21 davs in culture and then stained with ghal
astrocyie with mouse anti-glial fibrillary acidic prowin (GFAD, Sigmal or neuronal cell
markers, rabbit anti neuron-specific enolase (NSE, Chermicone, There wis a considerable
rise In the presence ot ghal astrocyies starting abour day 14, becoming signiticant by Day 21
when the experiment was terminated, Figure 1 While many ceiis owere tound to be
immunoreact:ve to GEATP, abous 5 of celis slained with antiserum to neuron-specific
enolase. There were also regions consisting solely of neurornal cells.

In the last report we showed preliminary data on astrocyte culture on various
surfaces, those considered ideal (PEDA, DETA, PL) and some considered non-ideal {TF, 13T,
OTS). We noted that surfaces that are initially the best gradually peak and decline, while
come surfaces thar are initiallv poor perform better over the longer term. This cbservation
o critical as resules after 24 hours ar even 7 days are potentiallv not preaictive for viability

ver Janger thre periods There was overali g correlalion with lower warvival on non-
ideal surfaces. Given our understandings of how certain newrotrophic factors affect
moureans in cubture, we were interested in examining how one of these, bIFOF, would then
affect survival of glial astrocvies. OQur results strongly suggest that bFGE exerts protective
cofects on astrocvtes we itees Resulss of study are included ina preparation of a

manuscript.

R X R E ST

We Fave established a collaboration with W, Apnew at the Huntington Medical
Teepdrch lresibate Wil we have mot et specificall e ed eloctredes e have
~accessiuly radisied the ponvesilastic sheath that Holds o =esies or ncroelectrodes inoplace
dong the wpinal cord during implantanon ignew vt al. st One probleo we are
eUsCE BT sl vIng s that she sheatn has plial scar bulider and adkesions that eventually
Jisp iy the clectrodes daterally twath adhesion? and verticaliv ydue w builduy of issuel.
e ovisited dduntmgton Iestitate atter the Neuroscience meeting in November, and have
g 1 e e e ienits | Rese sl peodesersbedd s the et renars Yo are alsa
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NEXT QUARTER OBJECTIVES

v Cortinue workinge to establish cortica: cell culture conditors for optimal 4
week survival

o Begin screering biclogically modified SANM surraces or cortical cell survival

o Continue screening F22 response to arsificial surfaces

s Continue surface analysis uf surfaces both bertore and after culture

e Continue surtace stability experiments in saline = BSA at 37°C

+» Finish screening surface for glial response to non-ideal SAM surtaces

» Continue screening non-ideal surfaces for microglia response

s Begin NI culture experiments

¢ Send more samples to Huntimgton to continue 0 oo experiments
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TS OF PLATING DINSITY ON CELL SURVIVAL

EC
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Day 7, 100 X 103/ cm?2, CNTF



CELL SURVIVAL IN NEUROBASAL/N3 OR
NEUROBASAL/B27 MEDIUM

5-day-old culture 11-day-old culture

v - -

Neurobasal Medium‘




Survival of cerebral cortical cells in 21-day-old cultures

DETA

DETA

Poly-D-lysine + CNTF

DETA + NT4

Poly-D-lysine + CNTF

Poly-D-lysine



